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The formation of crystalline magnetite by I-h heat treatment of iron (III) hydroxide acetate is 
described. This amorphous-crystalline solid transformation is monitored by electron-spin 
resonance and photoacoustic spectroscopies. No significant changes were detected for samples 
heated below 190°C. Above this temperature both techniques presented results following a 
definite pattern, namely, the enhancement of ion mobility leading to particle growth and 
crystallization for a temperature up to 240 °C and the onset of magnetic ordering of magnetite 
near this temperature. 
I. INTRODUCTION 
The existence of noncrystalline solids is frequently due 
to a slow kinetics of crystallization. For example, a vitreous, 
amorphous phase is formed I whenever the rate of cooling of 
the melt is faster than the rate of crystalJization. Amorphous 
solids are also formed by allowing the reagents to react faster 
than the crystallization time. ~ This is the case with the for-
mation of many metal oxides; rapid mixing of iron salt solu-
tion and, for instance, ammonium hydroxide leads to the 
precipitation of amorphous hydrous iron oxide. In a recent 
paper' we demonstrated that there is a temperature thresh-
old at which amorphous iron(III) hydroxide acetate reacts 
upon heating to yield magnetite. This reaction is the trans-
formation of an amorphous, paramagnetic solid into a crys-
talline, ferrimagnetic substance. The observed temperature 
threshold should be distinguished from the glass transition 
temperature Tg of polymers and glasses, since in the present 
case chemical changes are also detected. This amorphous-
crystalline solid transformation was attributed to the pres-
ence, at the threshold temperature, of solid ions sufficiently 
mobile to allow mass transfer within the solid bulk; chemical 
reaction and ion reorganization are thus allowed, and crys-
tallization occurs. 
In this paper the amorphous-crystalline solid transfor-
mation occurring in the magnetite formation from iron (III) 
hydroxide acetate (IHA) is further investigated using both 
electron-spin resonance (ESR) and photoacoustic (PA) 
techniques. The PA technique4 looks directly at the heat 
generated in a sample, due to non radiative deexcitation pro-
cesses, following the absorption of light. In the conventional 
PA experimental arrangement a sample enclosed in an air-
tight cell is exposed to a chopped light beam. As a result of 
the periodic heating of the sample, the pressure in the 
chamber oscillates at the chopping frequency and can be 
.) On leave of absence from the U niversidade Federal de Santa Catarina, SC, 
Brazil. 
detected by a sensitive microphone coupled to the cell. The 
PA signal depends not only on the amount of heat generated 
in the sample (i.e., on the optical absorption coefficient and 
the sample light-into-heat conversion efficiency), but also 
on how this heat diffuses through the sample. The quantity 
that measures the rate of heat diffusion in the sample is the 
thermal diffusivity a, defined by 
a = k/pc, (1) 
where k is the thermal conductivity, p is the density, and c is 
the heat capacity at constant pressure. The importance of a 
as a physical parameter to be monitored is due to the fact 
that, like the optical absorption coefficient, it is unique for 
each material. This can be appreciated from the tabulated 
values5 of a for a wide range of materials, such as metals, 
minerals, foodstuffs, biological. specimens, and polymers. 
Furthermore, the thermal diffusivity is also known to be ex-
tremely dependent upon the effects of compositional and mi-
crostructural variables/} as well as processing conditions, as 
in the cases of polymers, 6-8 glasses,9 and ceramics. JO The P A 
technique may either be used as a spectroscopic tech-
nique 11.12 to monitor the chemical and structural changes or 
as a thermal monitoring technique. 8 •9 As a thermal monitor-
ing technique one uses the P A technique to look how the 
heat diffusion is being affected by the chemical and struc-
tural changes. This latter aspect of the P A technique is the 
one which we explore in this paper, and it consists of using 
the PA technique for measuring the thermal diffusivity. 
II. SAMPLE PREPARATION 
The IHA was prepared 13 by adding 50 mtof concentrat-
ed (28%) aqueous NH40H to 250 mrof a solution contain-
ing 101 gofFe(N03h'9H20and 14mtofglacialaceticacid 
in 90% vol % aqueous ethanol. The admixture was made as 
rapid as possible, under vigorous stirring. The precipitate 
was centrifuged and rinsed 6 times with 90% vol % aqueous 
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FIG. I. X·ray diffractograms oflHA samples heated at various tempera· 
tures for 2 h under nitrogen. 
ethanol. The resulting solid was dried in an oven at 120'C. 
The presence of acetate groups was verified by the char· 
acteristic IR absorption bands at 1600-1400 em - 1 and by 
carbon elemental analysis which gave C = 4%. The iron 
content was determined by K2Cr 207 titrimetry on samples 
dissolved in 18% aqueous KCl at boiling temperature, under 
reflux. Prior to titration, Fe(Hl) was reduced to Fe(H) 
with SnCI2, to determine the total iron. The resulting iron 
content found was Fe = 45.7%, so that the ascribed formula 
for the precipitate is Fe(OHhs (CH3COO)02XH20, with 
x=0.3. X-ray analysis was carried out using a Phillips PW 
1140 diffractometer, and specific-area determinations were 
made using a CG 2000 specific-area meter, which uses a 
catharometer for measuring the sorbed N2• The x-ray dif-
fracto grams are shown in Fig. 1. The IHA samples heated to 
173 and 228 ·C do not show any discrete diffraction lines. 
Diffuse lines appear upon heating to 274·C and get more 
intense as the samples are heated to higher temperatures. 
The diffractograms of the sample heated to 435·C allow its 
identification as magnetite, by comparison with the litera-
ture data. 13 The heat-treatment procedure adopted in this 
work consists of heating the sample for a given time at nitro-
gen atmosphere. 
III. RESULTS AND DiSCUSSiON 
The ESR measurements were carried out in a Varian £-
line X-band spectrometer with a 1OO-kHz rectangular cav-
ity. Contrary to the case reported in Ref. 3, the ESR spectra 
were recorded, at room temperature, after the samples had 
undergone the heat treatment outside the spectrometer at a 
fixed heating time of 1 h. The ESR spectra of the IHA consist 
of a single, broad line with g = 2.00-2.80 as expected for 
Fe( III) compounds. 14.15 The main features of the recorded 
spectra are summarized in Fig. 2 where we show the mea-
sured ESR band linewidth [Fig. 2 (a) J and the g value [Fig. 
2(b)] as a function of the heating temperature. The initial 
increase of the linewidth may be understood as follows. Be-
low 150 'c the solid is glassy with a low-mass diffusion coef-
ficient and the Fe(III) ions remain in the environment 
which they originally found during the preparation. As one 
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FIG. 2. (a) ESR Iinewidth of iron(III) hydroxide acetate samples as a 
function of the J·h heat-treatment temperature; (b) g value as a function of 
the heating temperature. 
increases the temperature, mass diffusion is enhanced and 
new sites are accessible to the Fe(III) ions. Consequently, 
the linewidth is expected to increase with increasing tem-
perature, as shown in Fig. 2 (a) in the region between 150 
and 215°C. On further increasing the temperature, the en-
hanced particle mobility favors particle coalescence and 
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FIG. 3. Iron(lIl) hydroxide acetate specific area as a function of a I-h heat-
ing. 
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growth. The coalescence and growth of the particles was 
checked by specific-area, A (m 2/g), and density measure-
ments. In Fig. 3 we show the specific area of IHA as a func-
tion of the heat-treatment temperature. The particle diame-
ter d can be estimated from the specific-area measurement 
by d = 6/pA. Up to 250·C the solid density remained con-
stant at 3.4 g/cm3. Thus, the steep decrease in the specific 
area between 220 and 270°C indicates that the particle 
growth is taking place in this temperature range, at the same 
time that the x-ray diffractograms show the onset ofmagne-
tite formation above 230°C. Indeed, one estimates that from 
~25 to 250°C the particle diameter changes from 68 to 110 
A, respectively. The decrease of the ESR linewidth in the 
225-250·C temperature range is typical of the supermagne-
tic behavior of ultrafine magnetic particles. 14• 1t.--IR As de-
scribed by Neel, supermagnetism is due to thermally in-
duced fluctuations of the direction of magnetization in 
single-domain particles between discrete easy directions. 
These fluctuations contribute to the ESR linewidth accord-
ing to 18. 19 
!:J.H = (4K /M)e 2KVlkh T, (2) 
where K is the anisotropy energy density, V is the particle 
volume, kb is the Boltzmann constant, Tis the sample mea-
surement temperature, and M is the particle magnetization. 
Using the ESR room-temperature linewidth data and the 
estimated particle volume, we got K = 4.6 X 104 erg/cm3, 
for the samples heat treated between 225 and 250°C. This 
value of K is quite close to that reported by RogwiHer and 
KiindiglH for 134-A-diam Fe30 4 particles (i.e., 
K = 5.1 X 104 erg/cm3 ) and that of magnetite monocrys-
tal20 (K = 1.1 X 105 erg/cm3 ). Finally, above the heating 
temperature of 240°C, the linewidth exhibited a steep in-
crease; the same steep increase was also observed with the 
ESR intensities as well as in thegvalue [Fig. 2(b)] for parti-
cle heat treated above 240 dc. This steep increase in 
linewidth, intensity, and g value is due to the presence of 
magnetic ordering due to enchanced formation of magnetite 
crystallities. In this heat-treatment region the average size of 
the particles tend to stabilize, as deduced from the specific-
area data shown in Fig. 3. 
The PA monitoring of the magnetite formation was car-
ried out by measuring the thermal diffusivity of our samples. 
Of the several P A methods for measuring the thermal diffu-
sivity, we have resorted to the front-phase method as de-
A'lONT LIGHT 
BEAM 
WINDOW 
/ 
MICROPHONE 
.--'----, / 
SAMPLE 
/ 
PA CELL 
FIG. 4. Schematic arrangement for the PA measurement of the thermal 
diffusivity. 
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FIG. 5. PA rear-signal amplitude for the IHA sample treated at 250·C as a 
functIOn of the modulation frequency, showing the f I frequency depen-
dency. 
scribed in Ref. 7-9. The samples were compacted (at 4 toni 
cm2 ) in the shape of 8-mm-diam and 700-,um-thick disks. In 
Fig. 4 we show the schematic arrangement for the P A mea-
surements. It consists of a 250-W halogen lamp whose poly-
chromatic beam is mechanically chopped and focused into 
the sample which plays the role of a second window closing 
the P A cell. The sample is fixed to the cell body with silicone 
grease. A BK condenser microphone is mounted in one of 
the cell walls and is in contact with the air inside the PA 
chamber by means of a I-mm-diam duct. The signal from the 
microphone is connected to a lock-in amplifier in which the 
signal amplitUde and phase are both recorded as a function 
of the modulation frequency f By performing a rear-illumi-
nation signal amplitude measurement, we have checked that 
the thermoelastic bending mechanism 7-9.21 was the main 
cause responsible for the detected P A signal in the modula-
tion frequency range of our experiments; i.e., the rear-signal 
amplitude varied as f - I, which is the expected modulation 
frequency dependence ofthe rear signal for a thermally thick 
sample when the thermoelastic bending of the sample domi-
nates the P A signal (see Fig. 5). Accordingly, as discussed in 
Refs. 7-9 and 21, the thermal d.iffusivity is obtained in this 
case from the fitting of the front-phase signal data to the 
expression 
¢ = ¢o + arctan ( liz - 1), (3) 
wherez = aU with a = (-Tr/2/a) 112. Thus, assuming ¢o and 
a as adjustable parameters, the thermal d.iffusivity is readily 
obtained from the phase data fitting from the parameter a, 
namely, a = 'TTl 2 /a2• 
In Fig. 6 we show the P A signal phase of the sample 
treated at 250·C as a function of the modulation frequency. 
The sOfid curve in this figure represents the fitting of the 
experimental phase data to the theoretical expression given 
by Eg. (3). The value of a obtained from the data fitting was 
a = 0.0459 cm 2/s. The same procedure was applied to aU 
the other IHA heat-treated samples. In Fig. 7, we summa-
rize the results for the thermal diffusivity of our samples as a 
function of the heating temperature. For the samples heated 
between 220 and 240 ·C, the thermal diffusivity increases 
lacovacci et al. 5152 
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FIG. 6. PA signal phase for the IHA sample treated at 250 'C as a function 
of the modulation frequency. The solid curve represents the fitting of the 
experimental data to the expression given by Eq. (3). 
with increasing heating temperature. At higher heating tem-
peratures the thermal diffusivity decreases. Figure 7 shows 
that the thermal diffusivity is indeed sensitive to the trans-
formations that take place during the material's processing 
and is consistent with the ESR linewidth measurements. The 
dramatic increase of the thermal diffusivity for the samples 
heated between 220 and 240 °C is interpreted as resulting 
from an increase of the thermal conductivity. This is consis-
tent with the partic1e growth and crystallization (and onset 
or ordering) in this heating temperature range, as deduced 
from the ESR, x-ray, and specific-area measurements; a 
crystalline solid has higher thermal conductivity than an 
amorphous one. Above a heating temperature of250 °C, the 
crystallites get increasingly ordered. As one increases the 
heat-treatment temperature, the samples get further or-
dered, as evidenced by the ESR linewidth and intensity steep 
increase, until a saturation value is reached (at the same time 
the samples change their color from dark brown to a full 
black). With increasing magnetic ordering the specific heat 
is expected to increase too, so that k Ie may be balanced out. 
The observed decrease in a may then be attributed to an 
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FIG. 7. Iron ( III) hydroxide acetate thermal diffusivity as a function of the 
I-h heat-treatment temperature. 
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T ABLE I. Thermal diffusivity and density as a function of the heat treat-
ment. 
Heating temperature Thermal diffusivity Density 
eC) (cm'/s) (g/cm') 
225 0.0307 3.4 
232 0.0395 3.5 
240 0.0450 3.4 
250 0.0459 3.3 
260 0.0437 3.8 
280 0.0370 4.0 
325 0.0277 5.3 
increase in the density of our samples. We have checked this 
by measuring the density. In Table I we summarize the re-
sults for the density and thermal diffusivity as a function of 
the heating temperature. Between 250 and 325°C the den-
sity increases by roughly 60%, which entails that a should 
decrease by roughly 40% provided the ratio k Ie remains 
constant. In fact, looking at Table I, the decrease of a in this 
temperature range is roughly 40% in agreement with the 
suggested explanation. 
In conclusion, we note that the PA-determined thermal 
diffusivity is, indeed, a sensitive parameter for monitoring 
the amorphous-crystalline solid transformation occurring 
during the formation of magnetite from IHA. In particular, 
the temperature range at which the amorphous IHA reacts 
upon heating to yield magnetite, as determined by ESR, was 
clearly evident in the therma1 diffusivity measurements as 
the heating temperature at which a undergoes a maximum. 
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